Purpose: To verify that a visual fixation protocol with cued eye blinks achieves sufficient stability for magnetic resonance imaging (MRI) blood-flow measurements and to determine if choroidal blood flow (ChBF) changes with age in humans. Methods: The visual fixation stability achievable during an MRI scan was measured in five normal subjects using an eye-tracking camera outside the MRI scanner. Subjects were instructed to blink immediately after recorded MRI sound cues but to otherwise maintain stable visual fixation on a small target. Using this fixation protocol, ChBF was measured with MRI using a 3 Tesla clinical scanner in 17 normal subjects (24-68 years old). Arterial and intraocular pressures (IOP) were measured to calculate perfusion pressure in the same subjects. Results: The mean temporal fluctuations (standard deviation) of the horizontal and vertical displacements were 29 ± 9 mm and 38 ± 11 mm within individual fixation periods, and 50 ± 34 mm and 48 ± 19 mm across different fixation periods. The absolute displacements were 67 ± 31 mm and 81 ± 26 mm. ChBF was negatively correlated with age (R = À0.7, p = 0.003), declining 2.7 ml/100 ml/min per year. There were no significant correlations between ChBF versus perfusion pressure, arterial pressure, or IOP. There were also no significant correlations between age versus perfusion pressure, arterial pressure, or IOP. Multiple regression analysis indicated that age was the only measured independent variable that was significantly correlated with ChBF (p = 0.03). Conclusions: The visual fixation protocol with cued eye blinks was effective in achieving sufficient stability for MRI measurements. ChBF had a significant negative correlation with age.
INTRODUCTION
Advancing age has a significant impact on retinal structure, physiology and function. [1] [2] [3] [4] Age is a leading risk factor in age-related macular degeneration, glaucoma, and vascular occlusive diseases. 1, [5] [6] [7] [8] [9] Under normal physiological conditions, blood flow (BF) in the retina is closely coupled to metabolism and is tightly regulated. 10 Various techniques such as laser Doppler flowmetry, indocyanine green angiography, blue-field entoptic technique, and laser speckle imaging, among others [11] [12] [13] [14] [15] [16] have been used to study age-dependent BF changes in the retina. However, most optically based BF imaging techniques are limited to imaging the fovea or the optic nerve head, are confounded by media opacity if present (i.e. cataract and vitreous hemorrhage), and are qualitative or semi-quantitative which makes comparison across different subjects challenging.
Quantitative BF magnetic resonance imaging (MRI) of the retina has recently been demonstrated. In anesthetized animals, BF in the two (retinal and choroidal) circulations can be quantitatively imaged and choroidal blood flow (ChBF) is 8-10 times higher than retinal BF. [17] [18] [19] [20] [21] In awake humans, the challenges of BF MRI are eye motion and limited spatial resolution of clinical MRI systems. Visual fixation on a target with cued blinks has been used to minimize motion artifacts. 22, 23 A small eye radiofrequency coil with tailored pulse sequences and parameters can be used to improve the signal-to-noise ratio. 22 Nonetheless, it is not yet possible to separately resolve retinal and choroidal BF in humans. Because choroid BF (ChBF) is 8-10 times higher than retinal BF, [17] [18] [19] [20] [21] ChBF dominates in human BF MRI measurement of the retina to date. ChBF measured by MRI has been reported under basal conditions, 24, 25 hypercapnia, 24, 26 and isometric exercise 27 in normal subjects and in patients with retinitis pigmentosa. 28 Reproducibility of BF MRI across multiple repeated scans and across multiple sections on the same subjects has also been established. 24 An advantage of BF MRI is that it provides tissue BF in the quantitative and classical unit of ml/100 ml/min enabling cross-subject comparison. MRI also provides a large field of view, allowing measurement of combined retinal and ChBF, and is not obstructed by media opacity. The disadvantages of BF MRI are its low spatiotemporal resolution and high cost compared to optical-based techniques.
The goals of the present study were to assess the visual fixation stability achievable with cued eye blinks for BF MRI measurements and to test the hypothesis that ChBF changes with age in humans.
METHODS

Evaluation of Visual Fixation Stability
All studies were performed with Institutional Review Board approval. Visual fixation stability of five selfdeclared healthy subjects (three males, two females, 24-40 years old) was measured with an eye-tracker (ETL-500, ISCAN Inc., Woburn, MA), which used digitized video images of the corneal reflection of light from a small infrared diode and the pupil center to determine horizontal and vertical location of line of sight at 240 Hz with 0.1 angular resolution or 29.1 mm at the posterior retina. The horizontal and vertical channels of each subject were calibrated prior to measuring fixation stability by digitizing the x-y coordinates of a central point and 4 points at the corners of a 20 Â 20 degree square around the central fixation cross.
The subjects were placed in a supine position outside the MRI scanner. The same custom-made head holder used for MRI was used to secure and stabilize their heads. Subjects were instructed to maintain stable visual Exation on a small black cross on a white background at a distance of 30 cm and blink immediately after data-acquisition sound cues from the playback of recorded MRI sounds. The subjects were trained to synchronize their eye-resting and fixation cycle with the scanner sound cues. Specifically, there were three distinct periods within each repetition cycle (4.6 s): (1) the 2-s spin-labeling period when high-pitch noises were made, (2) the 1.5 s delay time when the scanner was quiet, and (3) the 0.4 s data acquisition period when short-period, lower-pitch noises were made. Subjects were instructed to close their eyes and rest during spin labeling, open their eyes and fixate on the target during spin-labeling delay, and maintain stable visual Exation during data acquisition. The fixation target was the same configuration used in the scanner. Eyetracking data were recorded for 20 fixation periods (1.5 min) from which 10 were randomly chosen for analysis. Three repeated trials were measured in each subject.
Angular amplitudes, as measured by the eye tracker, were converted to visual angle of the ocular excursion (1 = 291 mm) 29, 30 and plotted as a function of time. For quantitative analysis, data during eye blinks were discarded to reduce motion artifacts (eye tracking was lost during blinks when eye lids were closed). A stable fixation period of 0.4 s was extracted and analyzed using MATLAB (MathWorks Inc., Natick, MA) codes. Three parameters were tabulated for horizontal and vertical movements separately: (1) the standard deviation of the amplitude was computed for every sample and then averaged, (2) the mean displacement from every sample was computed and then the standard deviation taken, and (3) the mean absolute displacement across all fixation period samples was computed.
MRI Experiments
MRI studies were performed on 17 self-declared healthy subjects (12 males, 5 females, 24-68 years old) with normal vision verified by an ophthalmologist. These subjects did not have any known cardiovascular diseases or take medications. A 3 Tesla whole-body MRI scanner (Achieva, Philips Healthcare, Best, Netherlands) equipped with an 80 mT/m gradient system, a commercial body RF coil for signal excitation, and a custom-made, receive-only oblique eye coil of 6 cm in diameter were used. The diameter and shape of the eye-coil were optimized for signal-to-noise ratio at the posterior pole of the adult human retina. Subjects were positioned supine with the head in a custom-made head holder and were instructed to synchronize their eye-blinking and fixation cycle with the scanner noise during the arterial spin-labeling (ASL) scan, in the same way as they did in the visual fixation stability test outside of the scanner. A central axial slice bisecting the optic nerve head and fovea was imaged to minimize partial volume effect due to the retinal curvature.
BF was imaged using the pseudo-continuous ASL technique as previously described 31 using a 2 s labeling duration, 1.5 s post-labeling delay, and with the labeling plane set at 7 cm inferior to the imaging plane at the level of the internal carotid artery. Background suppression employed two inversion pulses at 2061 and 3405 ms after the initial saturation pulse, which was placed before the labeling. For image acquisition, a single-shot Turbo Spin Echo (TSE) sequence was used with a repetition/echo time (TR/TE) of 4.6 s/30 ms, a 6 mm slice thickness, 12.8 kHz bandwidth, TSE factor of 28, a field of view = 50 Â 43 mm, and matrix size = 100 Â 53 (in plane resolution of 500 Â 800 mm). The higher spatial resolution was placed along the readout direction, perpendicular to the posterior retina. Half-Fourier acquisition (52.5%) and linear profile ordering were used along the phase-encode direction, leading to a total TSE echo train length of 343 ms. Spatiallyselective gradients were applied along with RF refocusing pulses to avoid aliasing artifacts along the phase-encode direction. 31 Label and control images were acquired alternately with a temporal resolution of 9.2 s per paired image. In addition, a reference scan with TR = 15 s was used to derive M 0 for BF quantification. The mean basal BF was analyzed from the region of interest (ROI) in ml/ 100 ml/min. Each block of BF MRI acquisition consisted of 20 pairs of images and 2-5 blocks were acquired on each subject.
All MRI images from each scan were first coregistered using a custom algorithm written in MATLAB, as previously described in detail. 32 Quantitative BF maps in units of ml/100 ml/min were calculated using the following equation:
where DM ASL is the difference of the control and label images. is the water content of blood in ml water/ml arterial blood (0.85). 34 The blood relaxation times T 1,blood and T 2,blood are 1700 and 275 ms. 35, 36 a was the arterial spin-labeling efficiency and was assumed to be 0.85, 37 with the use of inversion giving the factor of 2. a inv was 0.83 which corrected for the loss of perfusion signal due to the two background suppression pulses. 38 The constant 6000 is to convert the units from ml blood/ml/s to ml blood/100 ml/min. TI is the post-labeling delay time and M 0 is the equilibrium signal intensity of the vitreous calculated from the reference scan corrected for scaling factors and amplification differences with the ASL sequences. The equilibrium signal intensity of the vitreous was used as an intensity reference for pure water, avoiding the use of unknown retinablood partition coefficient in the quantitative BF calculation.
To objectively quantify BF data and minimize the partial volume effect, automated profile analysis was performed to generate the BF profiles across the thickness of the retina and along the length of the retina. 39 BF values for the choroidal vasculature were taken at the peaks of the projection profiles. Four ROIs outlining the posterior retina: Peripheral temporal region (PTR), foveal temporal region (FTR), optic nerve head region (ONHR), and peripheral nasal region (PNR) with the size of 4 mm along the retina and 0.7 to 0.8 mm across the choroidal thickness were used to obtain the BF signal time courses and averaged BF values.
After each subject underwent BF MRI, their intraocular pressure (IOP) was measured with a tonopen and their brachial artery blood pressure was measured with an automated sphyngomanometer in the supine position outside the scanner. Mean arterial pressure (MAP) was calculated as diastolic pressure + 0.42 (systolic pressure -diastolic pressure). 40, 41 Supine ocular perfusion pressure (OPP) was calculated as MOAP -IOP, where the mean ophthalmic arterial blood pressure (MOAP) = 0.84 MAP in the supine position.
42,43
Statistical Analysis
Linear regression between any two of the measured parameters (ChBF, age, OPP, MAP, IOP) was analyzed. Multiple regression analysis was done with ChBF as the dependent variable for the four ROIs and age, OPP, MAP, and IOP as the independent variables. Correlation coefficients and p values were obtained. Peak BF values from the ChBF profiles of two arbitrary age groups (24-37 years (n = 9) and 38-68 years (n = 8)) were compared by an unpaired t-test (two-tailed). A p value50.05 was taken to be statistically significant.
RESULTS
The eye tracker was calibrated and verified on an artificial eye to have a resolution of 29.1mm (data not shown). The amplitudes of the vertical and horizontal eye movements from single-subject eye-tracking measurements during the visual fixation protocol with cued blinks are shown in Figure 1 . All subjects were able to achieve stable visual fixation during the data acquisition period within each TR cycle, and the 4.6 s resting-fixation cycle was comfortable for all subjects studied. The three tabulated parameters were as followed: (1) were 29 ± 9mm (horizontal direction) and 38 ± 11mm (vertical direction) (mean ± SD, N = 5, Figure 2A) . (2) The temporal standard deviations of displacement across multiple fixation periods were 50 ± 34 mm and 48 ± 19 mm ( Figure 2B) . (3) The mean absolute displacements of the eye position from the mean reference point were 67 ± 31 mm and 81 ± 26 mm ( Figure 2C ).
Time-loop movies of the time-series MRI images were free from significant movement artifacts. Co-registration was successful in correcting minor drift and movement in most scans. A small number of images ($3%) showed significant eye movement during data acquisition and were discarded. Figure 3 shows a representative anatomical MRI image, a BF map, and the ChBF profile across the retinal thickness and along the retina. BF was highest in the posterior choroid and slightly lower in the optic nerve head. In most subjects, two BF layers (retinal and choroidal) are visible around the fovea but became less apparent away from the central retina. The averaged profile along the length of the retina shows the retinal BF layer as a slight shoulder of the high BF choroidal peak. Retinal BF however was not analyzed because of low signal-to-noise ratio. Note that the peak BF value in Figure 3D likely reflects that of the fovea (free of retinal vessels) and thus mostly ChBF (albeit some partial volume).
With the ROI centered at the fovea, ChBF was negatively correlated with age (BF = 295 -2.7Áage, R = À0.7, p = 0.003, N = 15, Figure 4 ), declining 2.7 ml/ 100 ml/min per year. These results were obtained with exclusion of the two open symbols, which represented two subjects with severe myopia. Their inclusion also yielded significant, albeit weaker, correlation (R = À0.54, p = 0.03, N = 17). These results suggest that BF in severe myopia was markedly reduced.
With the optic nerve head ROI (labeled as ROI b in Figure 4 inset), ChBF was negatively correlated with age (BF = 112 -0.94Áage, R = À0.5, p = 0.05, N = 15). There were however no significant age-dependent effects for the periphery ROIs (labeled as ROI c and d in Figure 4 inset). Data from ROIs b, c and d are not plotted. Figure 5 shows the correlations of other parameters. There was no significant correlation between BF with OPP (R = 0.13, p = 0.6), MAP (R = 0.14, p = 0.6), or IOP (R = À0.15, p = 0.9). Age did not have any significant correlations with OPP (R = 0.14, p = 0.6), MAP (R = 0.18, p = 0.49), or with IOP (R = 0.04, p = 0.9).
Multiple regression analysis in which ChBF was taken as the dependent variable, and age, OPP, MAP, and IOP as independent variables, also revealed statistical significance (R = À0.8, p50.03, N = 15, for ROI ''a''). Age was the only independent variable that was significant but only for ROI ''a'' (p = 0.006) and for the ONH ROI (p50.05), while OPP, MAP and IOP were not significant (p = 0.8, p = 0.9, and p = 0.9, respectively).
When arbitrarily dividing subjects into two groups (24-37-year-olds and 38-68-year-olds), peak BF was significantly higher in the younger group (270 ± 98 ml/100 ml/min) than the older group (161 ± 54 ml/100 ml/min) (p50.001) (Figure 6 ).
DISCUSSION
Visual Fixation Stability
BF MRI measurements take several minutes to perform and thus require visual fixation stability over time. BF MRI of the retina is particularly susceptible to motion artifacts because the BF signal is dependent on subtraction between two separate images (with and without labeling) and the thin retina is bounded by Figure 4 ). Correlation plots of OPP, MAP, and IOP versus age. Correlation plots show a trend but were not statistically significant (p40.05). FIGURE 6 BF profiles along the length of the retina from a to b. Subjects were divided into two groups (24-37-year-olds and 38-68-year-olds). Peak BF in the older group was lower than in the younger group (unpaired t-test p50.023). Note that the slight shift on the x-axis between the two group is because different subjects had slightly different retinal curvatures while the MRI spatial resolution matrix is Cartesian. Thus, the distances from the fovea did not fall on the same Cartesian grids after linearization. Error bars are ±SD. the sclera and vitreous which have different signal intensities than the retina. A visual fixation protocol for lamina-specific anatomic MRI of the human retina has been previously reported, 22 where the temporal displacement relative to a reference point was 73 mm horizontal and 120 mm vertical displacements (SD of the amplitude) for a comfortable blinking period of 6-8 s. In the current study, the visual fixation stability protocol was improved, taking advantage of the relatively short data acquisition window for each ASL TR-cycle. The improvement was, in part, due to longer eye-resting and blinking durations and a shorter fixation duration (2 s) for subjects during each 4.6 s TR-cycle. These data are comparable to previous measures of fixation stability (e.g. standard deviations of 31 mm (horizontal) and 24 mm (vertical) during 12.8 s visual fixation periods). 44 A limitation of this study is that it is challenging for BF MRI to resolve the retinal and choroidal BF layers and the avascular layer in between. This is because: (i) the spatial resolution of this study is 500 Â 800 mm and the human retinal thickness is only 700 mm including the choroid, 22 (ii) the avascular layer separating the retinal and choroidal vasculature is $100 mm and the retinal BF may be overshadowed by the choroidal BF which is many times higher, 17, 19 (iii) eye motion, and (iv) low signal-to-noise ratios. In animal models, it is possible to separately image the retinal and ChBF layer, and the avascular layer in between. [17] [18] [19] [20] [21] Similarly, the foveal pit ($500 mm) has no retinal vessels but has high choroidal flow. We have not yet achieved the spatial resolution to visualize the foveal pit at this time. Future studies will need to improve spatial resolution and sensitivity in human BF MRI.
Choroidal Blood Flow Changes with Age
OPP, MAP, and IOP showed trends with age but did not reach statistical significance, likely because of the small sample size. Previous studies have found OPP, MAP, and IOP increased with age in larger sample sizes. 12, 13, 16 Those studies also reported that increased OPP and MAP correlated negatively with retinal leukocyte velocity 12 and laser Doppler flowmetry measures of ChBF and blood volume. 13 However, they also found using multiple regressions including age, MAP, and OPP, that choroidal hemodynamics only significantly correlated with age. These findings suggest that possible changes of MAP or OPP with age have little effect on ocular perfusion.
Reproducibility of BF MRI across multiple repeated scans and across multiple sections on the same subjects has also been described. 24 ChBF peaked in the foveal region and dropped off in human retinas 24 and baboon retinas. 45 Previous measurement of regional choroidal BF in monkeys using fluorescent microspheres showed similar BF profiles, peaking around the fovea. 46 Our ChBF is in general agreement with previous MRI reports in human adults. 24, 25 However, there are no published data with similar quantitative units using MRI or other methods to allow quantitative comparison with our BF agedependent effects. A major finding of this study is that MRI BF was negatively correlated with age, declining 2.7 ml/100 ml/min per year. Although we assumed the relation is linear and applied linear regression analysis, BF may not change linearly with age. Indeed, our results suggest that BF drops off faster in the younger age range.
The number of choroidal arterioles and the Fuorescent intensity in the macular region were observed to decrease with age by indocyanine green angiography.
11 Dye-filling was delayed, vessels were thickened and ran a straight course (instead of tortuous) with reduced branching and the watershed zone was blurred in older subjects. 11 Although the number of choroidal veins was not correlated with age, an increase in size of patch-like (hypofluorescent) structures was present and remained longer with age at the late venous phase. These hypofluorescent regions may result from the dye-filling delay or irregular dye filling into the choriocapillaries, augmented choroidal interstitial tissue developed from vascular thinning, and some angiographic blockages over the choroid, such as hyperpigmentation at the retinal pigment epithelium. These findings indicated that there are significant structural changes associated with age. Similarly, an age-related decrease of the foveolar choroidal circulation was detected by laser Doppler flowmetry. 13 Reduced choroidal BF was attributed mainly to an age-related decrease in choroidal volume as the result of decreased density and lumen diameter of the choriocapillaries. 4 With the blue-field entoptic technique, Grunwald et al. 12 reported a significant negative correlation between retinal leukocyte velocity and age, and between leukocyte density and age. They suggested that the drop in retinal macular BF might be a consequence of age-related structural changes that occur in the retina, such as an age-related decrease in number of photoreceptors and ganglion cells in humans. For example, Gao and Hollyfield 47 reported a 16% decrease in number of ganglion cells and Song et al. 48 found a significant decrease in cone photoreceptor packing density with age at distances less than 0.5 mm from the center of the fovea, but not at 0.9 mm.
Results using color Doppler imaging are more variable. There is support for a progressive alteration of orbital vascular parameters with age, 15 but no correlations in blood velocities in the central retinal artery and vein with age. Harris et al. 51 found no correlation between central retinal artery flow velocity and age. Gillies et al. 52 reported an increase of peak systolic velocity in the central retinal artery with age.
The present study measured BF in a supine position whereas most other techniques measured BF in a sitting position. In a study of pulsatile ocular BF (POBF), Ravalico et al. 16 found a significant correlation between POBF decline and age in the sitting position but only a trend in the supine position. Considering the supine position, several factors could bring about modification in the POBF, such as an increase in IOP secondary to higher episcleral venous pressure and intraocular volume, an extension of the length of the diastolic phase of the ocular pulse caused by a decrease in heart rate, or a change of blood pressure in the ophthalmic artery. It is possible that young people are better able to adjust to the abrupt increase in ophthalmic artery blood pressure when changing to the supine position. If so, it is possible MRI BF underestimated the age-dependent effects because the measurements were taken in supine position. In other words, younger subjects may maintain a normal MOAP even in supine posture but a slight increase in IOP could decrease their ChBF. In contrast, older subjects may not regulate their MOAP as well and so an increase in MOAP may occur in supine posture and counter balance the increase in IOP tending to increase their ChBF. BF MRI data could only provide a correlation, but could not address whether ChBF decline is the cause or the effect of choroidal physiological changes with age.
CONCLUSION
Cued visual fixation on a target achieved adequate stability for BF MRI measurement. Choroidal BF negatively correlated with age, declining 2.7 ml/ 100 ml/min per year. Such decrease in ocular BF could impair delivery of oxygen and nutrients, and removal of metabolic waste, making the retina more susceptible to diseases. Future studies will aim to improve spatial resolution and sensitivity to enable separate measurements of retinal and choroidal BF in humans, to translate MRI techniques available on animals [53] [54] [55] to humans, as well as to apply BF MRI to investigate retinal diseases.
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